Abstract -With recent advances in millimeter-wave technology, includ-
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Power densities likely to be encountered close to the radiators in the frequency band 30-300 GHz. Millimeter-wave absorption efficiency of the human body with and without clothing; the possibility of 90-95-percent coupling efficiency with clothing acting as an impedance matching transformer.
The possibility of very high rates of energy deposition in the skin because of the submillimeter depths of penetration. Biological implications of millimeter-wave absorption. Under this heading, the following aspects are discussed: 1. Potential effects on the human eyes with particular concern for the effects on the cornea in Manuscript received July 23, 1985; revised September 25, 1985 . This work was supported by the USAF School of Aerospace Medicine, Brooks AFB, TX, 78235.
The radiation, the threshold of detection of warmth is near a CW power density of 0.67 mW/cm2 for whole-body irradiation with the threshold power density progressively increasing as the irradiated area is decreased [1] . In these experiments, the subjects were nude at normal room temperature. At a power density of 0.84 mW/cm2, there was a reported "marked sense of warmth" [1] . These power densities are considerably lower than the 5 mW/cm2 safety guideline suggested by the American National Standards Institute (ANSI) for the frequency band 1.5-100 GHz [3] and the 10 mW/cm2 threshold limit value' (TLV) suggested for this band [4] by the American Conference of Governmental Industrial Hygienists (ACGIH).
II.
PRESENT AND PROJECTED HIGH-POWER SOURCES Fig.   1 gives some of the capabilities of power output for various microwave power sources [5] . It is presently possible to generate power levels on the order of 100 kW at 100
GHz with projections in the future for power outputs on the order of 1 MW at this frequency. Recognizing that the gain of an aperture antenna such as a horn or a circular or rectangular aperture is given by K(47rAP )/A*, where zlP is the physical area of the aperture and A is the free-space wavelength of radiation, substantial antenna gains on the order of 30-55 dB can be obtained for moderate-sized radiators of diameters less than 60 cm. The factor K in the gain expression is dependent upon illumination of the aperture and it varies from about 0.5 to 0.75. The maximum power density pm= at a distance R~along the axis of the aperture antenna can be written as GPT 'm= = 477R; " Power densities on the order of several at R.= 100 m. This points to a significant problem of back radiation, as well, from these antennas. For personnel working behind these apertures, the distance R. is generally no more than a few meters. It would, therefore, be necessary to ensure that back radiation is 65 -75 dB lower than frontal radiation to obtain exposure power densities of less than or equal to 5 mW/cm2, which is the present ANSI guideline for the millimeter-wave band. Back irradiation from aperture antentias is typically 45-55 dB below that of axial direction.
Extra shielding would, therefore, be needed to ensure personnel-safe power densities behind the aperture antennas.
III.
ABSORPTION OF MILLIMETER WAVES BY HUMAN BEINGS
Because of the high loss tangent of water (even deionized water) in the millimeter-wave band on account of the Debye relaxation of the water molecule, the millimeter-wave penetration into the biological bodies is likely to be less than one to two millimeters
[6], i.e., predominately in the skin. The data are fairly sparse for the complex permittivity of the skin, as well as for the other biological tissues in the millimeter-wave region of the electromagnetic spectrum. At 23 GHz, measurements have been made with rabbit skin in-.uitm [7] , which has led to a formulation [8] of the complex dielectric constant of the skin being given by the Debye equation (2) where c~= 4.0, c,=42.0, r= 6.9x 10-12 S, CO=8.85X Table 1 . The SAR at a depth x within the skin is given by SAR(0)e -2'/8, where the SAR(0) at the surface is given by 2Pi23c(1-lP12) SAR(0) =~.
Note that the SAR(0) increases rapidly with frequency on account of the decreasing 8 and the increasing power-coupling coefficient 1 -Ipl 2. SARS that are considerably in excess of the ANSI guideline of 8 W/kg for the peak value are therefore calculated for the millimeter-wave band 30 to 300 GHz. These SARS are also given in (2)). The results plotted in Figs. 2 and 3 for E-and H-polarizations, respectively, are interesting and they indicate nearly similar coupling and, hence, superficial SARS regardless of the angle of incidence for fairly large angles of incidence. Here, SARI~= is the SAR at the surface for O = O or normal incidence (given in Table I ). Estimates of the angles /3 for which SAR/SAR\~= = I/e 2 (or 13.5 percent) may be obtained from (4) Since E, = 4.0, these conditions are met for frequencies such that f = nc/(8dC), where c is the velocity of light and n =1,3,5, ----For dC = 1 mm, for example, peak coupling frequencies are therefore anticipated for~= 37.5, 112.5, 187.5, and 262.5 GHz, with a decreasing peak of coupling because of the increasing loss at higher millimeter-wave frequencies due to the -j 0.1 in the dielectric constant of clothing. These frequencies are in good agreement with those based on exact calculations shown in Fig. 4 . We have calculated the peak absorption Hardy and Oppel [1] have written an important paper on the threshold of IR perception and its variation with the exposed area of the body. Their data drawn in the form of a curve is reproduced in Fig. 5 in terms of mW/cm2 as the unit of intensity rather than in calories/cm2 s, in which the curve was originally drawn. This curve was obtained on the basis of a number of experiments with two Caucasian subjects. For exposures involving the largest areas, the subjects stood nude in a room at normal temperature. The minimum power density at the threshold of detection was 1.6 x 10-4 cal/cm2 s, or 0.67 mW/cm2, when the stimulus was applied to the chest, and was not much smaller when the radiation was incident on the whole body. Some pertinent points from the Hardy and Oppel [1] paper are given in the following.
A.
Thermal sensors distributed at depths between about 0.1 and 1 mm responded to IR stimulus as if depth of penetration were of no consequence.
B.
Sensation was perceived within 3 s of irradiation. C.
When the threshold stimulus for the face ( -0.84 mW/cm2 ) as applied to the whole-body, the subjects perceived a "marked sense of warmth."
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On account of spatial summation, the intensity of the thermal sensation was stronger when larger areas of skin were irradiated.
It should be recognized that the more penetrating the radiation, the higher its threshold for warming sensation.
Justesen et al. [13] , for example, have measured an incident power density of 26.7 mW/cm2 (absorbed power density = 8.9 mW/cm2) as the threshold of perception of warmth for irradiation of the ventral surface of the arm (exposed area of 177 cm2 ) for microwaves at 2.45 GHz; yet for far IR radiation, the corresponding threshold measured by these authors is 1.7 mW/cm2, which is considerably lower.
Because of the similarity of the millimeter-wave radiation to far IR, we expect the lower number to be valid for the millimeter-wave bond for the ventral surface of the arm.
Because of a higher density of the thermal receptors in the skin of the forehead, somewhat lower thresholds have been measured for this region of the body. For an exposed forehead area of only 37 cm2, the power densities for threshold warmth sensation at 3 and 10 GHz and for far IR have been reported to be 29.912.5, and 1.7 mW/cm2, 
From the values of 1P12 and 8 from Table I , we can estimate the ratios of the integrated SARS from (6). The integrated SAR'S at 3, 10, and 300 GHz are proportional to 0.068:0.24:1.
Since the threshold of perception may occur for roughly comparable absorbed power densities or integrated SAR, power densities that are inversely proportional to these numbers will therefore be needed at the three frequencies. The ratios of the incident power densities needed for perception are therefore 14.7:4.2:1. Recognizing that we have used an assumption of planewave irradiation of a planar surface, these ratios are not far from the values quoted earlier from [14] . Experiments have been performed [2] to determine the threshold power densities for various sensations; faint warm, warm, and very warm or hot, as a function of the area exposed to far IR on the dorsum of the right hand. A sensation of " very warm or hot" was experienced for an average power density of 21.7 +4.0 mW/cm2
for an exposure area of 40.6 cm2, while a similar sensation occurred for a lower exposure area of 9.6 cm2 for a larger power density of 55.9 +4.9 mW/cm2. The ratio 21.7/55.9= 0.4 in the power densities is similar to that for thresholds of perception for similar surface areas from Fig. 5 . Reaction time for the sensation" very warm or hot" was typically on . The sound appearing to originate from within or near the head has been described as a click, buzz, or chirp depending on such factors as pulse width and repetition rate.
Previous work has been limited to the frequency range 0.2-3 GHz. There are several distinctions in the nature of millimeter-wave absorption vis-h-vis than at lower microwave frequencies.
A. The absorption of millimeter waves is highly superficial with a depth that is on the order of a millimeter. Because of the spatial narrowness of the deposited energy (the depth of penetration at lower microwave frequencies is a few centimeters), the Fourier spectrum of the sonic components extends to higher frequencies, on the order of several hundred kilohertz. Much of this sonic energy is therefore beyond the human audible range even for the mechanism of bone conduction [18] , which has been proposed for microwave hearing.
Because of the shallow deposition, the resulting SARS are, however, considerably higher than those for comparable incident power densities at microwave frequencies below 3 GHz, where the auditory phenomenon has previously been studied.
We have used an analysis similar to that of Berth and Cain [17] to calculate the pressures that are caused in the 1In Fig. 5 , the threshold of erception for larger areas such as the face l'. and the chest is 0.67 mW/cm wtuch n a factor of 2.5 smatler than 1.67 mW/cm2
for an exposure area of 40.6 cm2.
skin layer due to millimeter-wave irradiation. (F= dp/dfa) are given by the follow- KHz. The total induced pressure P due to thermal expansion has therefore been obtained by integrating (7) for 0 <f.< 14 X 103. For the "audible" region 0< f= <14 KHz, for microsecond pulses, LIT <<1. Equation (7) can therefore be simplified to 6av2 QT F,~= -Z.
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Upon integrating (8) for 0< fa <14 KHz, the total induced pressure P,~due to thermal expansion is obtained 'For P,h + P,, + P,P = 0.2 dyne\cd [16] The numerical values of the total induced pressure due to electrostriction have been calculated for the various irradiation frequencies and are also given in Table III . 
The values calculated for the various irradiation frequencies are also given Table   IV in terms of p,nCT, or the incident energy density per pulse for threshold of hearing at the various millimeter wavelengths. The results are shown graphically in Fig. 6 as a function of the irradiation frequency. Also shown for comparison are the limited experimental data of Chou et al., on one human subject [14] and that of Rissman and Cain [21] on five subjects. The experimental data are within a factor of 2 of the calculated values.
From these results, the following points may be made.
A. Although the pressure due to thermal expansion is the highest at the lower microwave frequencies, the same cannot be said for millimeter-wave irradiation. Here the pressure arising from electrostriction is comparable or even somewhat higher. 
B.
The energy densities per pulse needed to cause hearing at millimeter wavelengths are a factor of 8-28 times larger than those at lower microwave frequencies (Table IV) . The increase in the threshold energy density is considerably smaller than the decrease in the relative depth of penetration in the millimeter wave band.
VI. CONCLUDING REMARKS
Several potential problems have been pointed out for irradiation in the millimeter-wave band. These include extremely high superficial SARS even for incident power densities of 5-10 mW/cm2 that have been recommended as safety guidelines [3] , [4] . Because of the high SAR'S in the cornea of the eye, there is a need to study ocular effects of millimeter-wave irradiation for exposure durations longer than 30-60 tin that have previously been used. We have quantified the effects of clothing on absorbed energy and have shown the possibility of enhanced millimeter-wave coupling ( >90 percent) to human beings with clothing acting as an impedance-matching transformer.
Because of the submillimeter depths of penetration of the millimeter waves, the sensations of the absorbed energy are likely to be similar to those of IR. For the latter, the minimum power density at the threshold of perception is near 0.67 mW/cm2 when the stimulus is applied to the chest and not much smaller for irradiation of the whole body. The sensation of "very warm to hot" has been reported for an irradiation of an area of 40.6 cm2 (dorsum of the hand) for an absorbed power density of 21.7 mW/cm2 with a latency of 1 + 0. This paper also gives the calculated numbers of the energy densities of incident radiation for the threshold of hearing of pulsed millimeter-wave irradiation. These are shown to be about 8-28 times larger for the 30-300-GHz band than those for microwave frequencies below 3.0 GHz.
